to discuss the main differential diagnoses in non-mutated foetuses in order to delineate closely related conditions without L1CAM mutations. Neuropathological data from 138 cases referred to our genetic laboratory for screening of the L1CAM gene were retrospectively reviewed. Fiftyseven cases had deleterious L1CAM mutations. Of these, 100 % had hydrocephalus, 88 % adducted thumbs, 98 % pyramidal tract agenesis/hypoplasia, 90 % stenosis of the aqueduct of Sylvius and 68 % agenesis/hypoplasia of the corpus callosum. Two foetuses had L1CAM mutations of unknown significance. Seventy-nine cases had no L1CAM mutations; these were subdivided into four groups: (1) Abstract L1 syndrome results from mutations in the L1CAM gene located at Xq28. It encompasses a wide spectrum of diseases, X-linked hydrocephalus being the most severe phenotype detected in utero, and whose pathophysiology is incompletely understood. The aim of this study was to report detailed neuropathological data from patients with mutations, to delineate the neuropathological criteria required for L1CAM gene screening in foetuses by characterizing the sensitivity, specificity and positive predictive value of the cardinal signs, and hydrocephalus sometimes associated with corpus callosum agenesis (44 %); (2) atresia/forking of the aqueduct of Sylvius/rhombencephalosynapsis spectrum (27 %); (3) syndromic hydrocephalus (9 %), and (4) phenocopies with no mutations in the L1CAM gene (20 %) and in whom family history strongly suggested an autosomal recessive mode of transmission. These data underline the existence of closely related clinical entities whose molecular bases are currently unknown. The identification of the causative genes would greatly improve our knowledge of the defective pathways involved in these cerebral malformations.
Introduction
In 1949, Bickers and Adams [7] described a British family with several male sibs who died at birth from congenital hydrocephalus. Post-mortem examination revealed structural brain abnormalities with narrowing of the aqueduct of Sylvius, which was assumed to be the cause of the hydrocephalus. The syndrome was named hydrocephalus due to stenosis of the aqueduct of Sylvius (HSAS). HSAS is the most common genetic form of congenital hydrocephalus, with a prevalence of approximately 1:30,000. It accounts for approximately 5-10 % of males with non-syndromic congenital hydrocephalus [12, 36] .
HSAS belongs to a wide spectrum of phenotypes, now termed L1 syndrome, that range from severe to mild and that were thought to represent separate entities before the identification of the causative gene. The phenotypic spectrum of L1 syndrome, in addition to HSAS (OMIM#307000), includes MASA syndrome (mental retardation, aphasia, spastic paraplegia, adducted thumbs) (OMIM# 303350), SPG1 (X-linked complicated hereditary spastic paraplegia type 1) (OMIM#303350) and X-linked agenesis of the corpus callosum (OMIM#307000) [3, 6, 37, 47] . In fact, the severity of the disease can vary from severe hydrocephalus and prenatal death (HSAS subtype) to a milder phenotype (MASA syndrome subtype) or isolated agenesis of the corpus callosum, even within the same family [16, 37, 41] .
L1 syndrome is an X-linked recessive disease caused by mutations in the L1CAM gene, located at Xq28, and consisting of 28 coding exons. In humans, the mature protein has 1,257 amino acids and is a transmembrane glycoprotein belonging to the immunoglobulin superfamily of cell adhesion molecules (CAMs). This glycoprotein contains, besides a signal peptide, 13 distinct domains including 6 immunoglobulin-like and 5 fibronectin III-like extracellular domains, one single-pass transmembrane domain and one short but highly conserved cytoplasmic domain. The L1 protein is known to mediate cell-cell adhesion at the cell surface. Using experimental studies, it has been demonstrated that L1 plays important roles in neuronal adhesion, neuronal migration, growth cone morphology [35] , neurite outgrowth [46] and myelination [2] . The protein also plays an important part in the development of axonal tracts, pathfinding and fasciculation, as well as in the development of the ventricular system and the cerebellum [5, 25] . In addition, L1 is involved in the regeneration of damaged nerve tissue [38] and has been implicated in long-term memory formation, synaptic plasticity and the establishment of long-term potentiation in the hippocampus [29, 44] . The non-neural expression of an alternatively spliced L1 lacking exons 2 and 27 has been described in intestinal crypt cells [40] , in the male urogenital tract [24] and in leukocytes [23] .
To date, >200 different L1CAM mutations have been reported [43] . Most are unique to a single family, indicating that they are private mutations. Only a few families display the recurrence of a given mutation.
To our knowledge, only two previously published studies have reported a large series of patients suspected of L1 syndrome [12, 42] . In 2000, Finckh et al. [12] focused on phenotype-genotype correlations in a series of 153 patients suspected of harbouring L1CAM mutations. Statistical analysis of the data indicated a significant effect on mutation detection rate of (1) family history; (2) the number of clinical findings typical of L1 disease; and (3) the presence or absence of signs not typically associated with L1 syndrome. In 2010, Vos et al. [42] studied 367 patients screened for L1CAM mutations, and also looked for genotype-phenotype correlations. Both studies, however, used the same criteria for the inclusion of both prenatal and postnatal cases, even though some clinical parameters such as mental retardation or spastic paraplegia cannot be applied to foetal cases.
The aim of this work was to study a foetal population of 138 cases suspected of having L1 syndrome, and (1) to report detailed neuropathological data from mutated cases; (2) to delineate the neuropathological criteria required for L1CAM gene screening in foetuses by characterizing the sensitivity, specificity and positive predictive value (PPV) of the six reported cardinal signs; and (3) to discuss the differential diagnoses in non-mutant foetuses in order to delineate the neuropathological hallmarks of closely related conditions without L1CAM mutations.
Materials and methods

Patients
A total of 138 DNA samples from 134 foetuses (14 weeks of gestation or WG to term) and 4 newborns (32, 36, 40 and 41 WG) who died at birth were referred from 32 French centres to the Department of Genetics of Rouen University Hospital from 1996 to 2011, for screening for L1CAM mutations. Pregnancies were terminated with the informed consent of the parents and in accordance with the French law. Data regarding family history and foetal/antenatal clinical ultrasound (US) examinations were obtained in all cases. Foetopathological and neuropathological reports were available in all cases. These 138 cases were selected after the exclusion of cases with no neuropathological data, with macroscopic evidence for haemorrhagic-ischemic disease or evidence of in utero alcohol exposure (foetal alcohol syndrome).
Autopsy procedures and neuropathological examination
All cases underwent a complete autopsy performed by foetopathologists according to standardized protocols, including X-rays, photographs, and macroscopic and histological examination of all viscera. Foetal biometric data were assessed according to the morphometric criteria of Guihard-Costa et al. [19] . Autopsy reports, including neuropathological data, were carefully reviewed by two foetal neuropathologists (A.L., H.A.B.).
The presence or absence of the six major characteristics (cardinal signs) previously described was carefully verified [14, 26, 45] . In addition to male sex, they included adducted thumbs, hydrocephalus, corpus callosum abnormalities (complete or partial agenesis with or without Probst bundles, corpus callosum hypoplasia), stenosis of the aqueduct of Sylvius and abnormalities of the corticospinal tract. The latter consisted of hypoplasia/agenesis of the pyramids, alone or in combination with agenesis/hypoplasia of the corticospinal tracts in the mesencephalon and the pons, and lastly, in the spinal cord and in the internal capsule.
Brains were fixed in a 10 % buffered formalin solution. Brain growth was evaluated according to the biometric criteria of Guihard-Costa and Larroche [18] . Although brain weights and measurements were available for the majority of the foetuses, biometric data were taken into account cautiously due to the severity of the hydrocephalus, notably in calculating the ratio between infratentorial versus total brain weight. It should be noted that in some cases, the severity of autolysis (4 cases) and of the hydrocephalus made it impossible to perform a complete neuropathological examination, in particular with regard to the analysis of the corpus callosum and of the septum (10 cases). In all cases, several tissue samples were embedded in paraffin. For histological analysis, 6-μm sections were cut and stained with hematoxylin-eosin, and in some cases with cresyl violet.
L1CAM mutation screening
Blood samples were obtained after written informed consent for each patient and parents. Genomic DNA was extracted from blood samples using the Flexigene kit (Qiagen, Courtaboeuf, France). The 28 coding exons and intron-exon junctions of the L1CAM gene were PCRamplified using 23 primer pairs (primer sequences and PCR conditions are available upon request). After purification, PCR products were sequenced with the same primers on an ABI Prism 3130 xl Genetic Analyser (Applied Biosystems) automated sequencer, using a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Courtaboeuf, France) according to the manufacturer's instructions. Nucleotide numbering for the mutations was done according to the reference cDNA sequence in GenBank Accession number NM_000425 (RefSeq NM_000425.3), in which the "A" of the start codon is nucleotide 1.
Statistical analyses
The sensitivity, specificity and positive predictive values of the various signs and Fisher's exact test were performed with Prism 5™ software.
Results
Genetic analyses
The sequencing of the entire coding region of the L1CAM gene identified deleterious mutations in 57 cases and variants of unknown significance (VUS) in 2 cases: c.400 + 27G>A in intron 4 and c.2209-6C>T in intron 17. These intronic variations are described neither in the Exome Variant Server (EVS), which groups data from the sequencing of 6500 exomes, nor in dbSNP135, which includes the data from the 1,000 Genome Project. However, since no splice change was predicted by five different bioinformatic tools (SpliceSiteFinder, MaxEntScan, NNSPLICE, GeneSplicer and Human Splicing Finder), the two VUS were excluded from subsequent studies.
The 57 male foetuses with deleterious mutations belonged to 54 distinct families: in 3 families, the mutations were recurrent, being present in 2 foetuses each. The presentation was familial for 24 foetuses and sporadic for 30 foetuses. In total, 49 distinct mutations were identified. Only two mutations were identified in more than one family: a nonsense mutation that was detected in two families (c.1453C>T; p.Arg485*) and a splice mutation detected in five families (c.400 + 5G>A; p.?). Thus, most of the mutations were private mutations. Missense mutations were detected in 16 patients (28.1 %), frameshift mutations (small deletions, duplications, insertions) in 13 patients (22.8 %), splice mutations in 14 patients (24.6 %), nonsense mutations in 12 patients (21.0 %) and large rearrangements in 2 patients (3.5 %). Detailed results are presented in Table 1 .
Autopsy and neuropathological findings in foetuses and newborns with deleterious L1 mutations Routine US examination performed at the beginning of the second trimester revealed hydrocephalus in all but two cases (Cases 25 and 56), in whom hydrocephalus was discovered during the third trimester. Hydrocephalus was either isolated or discovered in combination with corpus callosum agenesis (11 cases). Adducted thumbs were detected in 11 cases. A medical termination of the pregnancy was carried out in 52 cases (14-35 weeks WG) and 4 newborns died soon after birth (Cases 18, 19, 36 and 57). Only one foetus died in utero, at 24 weeks WG (Case 40).
General autopsy findings
At the time of autopsy, birth weight was normal in all but 2 cases, who displayed intrauterine growth retardation (Cases 15 and 45). No craniofacial dysmorphism was noted in any of the cases and only mild abnormalities were described related to hydrocephalus, consisting of macrocrania, hypertelorism, retrognathism and low-set ears. In two cases, a cleft palate was present (Cases 42 and 57). No skeletal abnormalities were found. Thymic hyperplasia and isolated unilateral renal agenesis were identified in Cases 15 and 28, respectively.
Neuropathological studies of foetuses with a disease-causing L1CAM mutation Detailed macroscopic and microscopic findings are summarized in Tables 1 and 2 . The percentage of foetuses and newborns displaying a specific sign was calculated by comparing the number of cases in whom the sign was present with the total number of cases in whom this criterion was evaluated. Cases where a change was "not evaluated" (not mentioned in the report, or not reported even if present) and Case 26 at 14 WG, an age at which the corpus callosum begins to develop, were excluded from calculations of the sensitivity, specificity and positive predictive value of the signs.
Generally the neuropathological phenotype of the 57 cases was homogeneous, and in almost all cases, the brain surface was smooth, with a reduction or absence of sulci and gyri. Hydrocephalus was present in all reported cases (Fig. 1c) except for Case 26 at 14WG, and was triventricular in 49 cases and biventricular in 7 cases (Fig. 1d ). An associated dilatation of the fourth ventricle was noted in Case 19.
Adducted thumbs were present in 46/52 cases (88.5 %) (Fig. 1a) , bilaterally in 43 cases and unilaterally in 4. In 35 cases, no other anomalies of the extremities were detected; in these adducted thumbs were bilateral in 32 cases and unilateral in 3. Among the other cases, bilateral adducted thumbs were described in combination with camptodactyly in four cases (Fig. 1b) , with distal arthrogryposis of the four limbs in six cases, and with hyperextension of the big toe in one case. Unilateral adducted thumb with camptodactyly was noted in one case. Two cases displayed camptodactyly not associated with adducted thumbs.
Stenosis of the aqueduct of Sylvius, which is characterized by the narrowing of the lumen and the absence of circular ependyma-lined channels, was identified in 89.8 % (44/49) of the cases (Figs. 1e, 2a and a normal aqueduct in a mutated case Fig. 2b ), in combination with stenosis of the fourth ventricle in one case (Case 4) and of the third ventricle in nine cases (Cases 1, 2, 4, 17, 18, 29, 39, 42 and 57). A single case had tetraventricular dilatation (Case 19).
Corpus callosum examination was impossible in 12 cases due to prolonged post-mortem delay and severity of the hydrocephalus. In addition, it could not be performed in Case 26, at 14 GW, since at this stage the development of the corpus callosum, which reaches its mature form at 20 weeks, is incomplete. Various abnormalities were reported in 43/44 cases (97.7 %). Complete agenesis was identified in 24 cases, with Probst bundles (Figs. 1f, 2d , e) described in a single neuropathological report, and partial agenesis was identified in 5. Other abnormalities considered as "dysmorphic", such as a flattened, hypoplastic, stretched or thin corpus callosum, were observed in 14 cases. The corpus callosum was normal in one case.
Corticospinal tracts were abnormal in 47/48 (97.9 %) cases. Pyramidal agenesis was observed in 28 cases (58 %) (Figs. 1g, 2f) . Internal capsule hypoplasia, agenesis and/or fragmentation were observed in four cases (Cases 4, 9 16 and 18) (Fig. 2g) . Although spinal cord examination was carried out in eight cases only, pyramidal tracts were absent in three of these (37.5 %). 
, cases where a sign was not determined were excluded. The incidence of a cardinal sign among the population was calculated by the ratio of the number of cases with positive cardinal signs to the number of cases in whom the cardinal sign was determined b Ratio of the number of cases with 5 or 6 positive cardinal signs (a non-determined cardinal sign was considered as negative) to the total number of cases In seven cases, they appeared to be apposed or fused due to the collapse of the third ventricle (Cases 1, 2, 17, 18, 23, 39 and 57). The ependymal lining was normal, although in some cases, abrasion foci secondary to hyperpression in the ventricular system were observed. Migrational abnormalities were never observed. The hippocampi were sometimes distorted and displaced but no cytoarchitectural abnormality was observed, except in one case in which the dentate gyrus was hypoplastic and incomplete (Fig. 2h) . The brainstem nuclei were normal. Incidental findings consisting in micropolygyria were observed in two cases likely secondary to the excessive folding of the cortical plate (Cases 6 and 9, Fig. 3a) . In another case, the brain surface was pachygyric (Case 57, Fig. 3b ). In the medulla, the inferior olivary nucleus was heterotopic in a single case (Case 9, Fig. 3c ). A tectal hamartoma was identified in a single case (Case 11, Fig. 3d) . Hypoplasia of the vermis was identified in Case 30 only, and dysplastic or fragmented dentate nuclei were observed in 6 cases (Cases 9, 20, 21, 23, 32 and 56, Fig. 3e ).
Neuropathological characteristics of foetuses and newborns without a disease-causing L1 mutation
Seventy-nine foetuses and newborns did not display any mutation in the L1CAM gene. The neuropathological review allowed us to classify patients into four distinct subgroups (Table 2) .
Twenty-one foetuses, of which 85.7 % were males, belonged to the aqueductal atresia spectrum, which includes atresia-forking of the aqueduct of Sylvius (Fig. 2c) consisting of absent permeable lumen, replaced by several small tubules lined by ependymal cells. This abnormality is sometimes associated with rhombencephalosynapsis, fusion of the colliculi (mesencephalosynapsis), atresia of the third ventricle (diencephalosynapsis) and corpus callosum abnormalities. In this group, hydrocephalus was present in 100 % of the cases, corpus callosum abnormalities in 66.7 %, pyramidal tract abnormalities in 64.3 % and bilateral or unilateral adducted thumbs in 16.7 %. The retrospective neuropathological diagnosis was: isolated atresia of the aqueduct of Sylvius in 13 cases, isolated mesencephalosynapsis in one case, isolated rhombencephalosynapsis in 2 cases, isolated diencephalosynapsis in 2 cases, mesencephalosynapsis and rhombencephalosynapsis in one case, rhombencephalosynapsis and diencephalosynapsis with no stenosis of the aqueduct of Sylvius in one case, and atresia of the aqueduct of Sylvius combined with encephalocele in one case. In this group, corpus callosum abnormalities consisted of partial agenesis in four cases, total agenesis in four cases and hypoplasia in two cases. Pyramidal tract abnormalities consisted of hypoplasia in six cases and corticospinal tract asymmetry in one case. Five foetuses had pyramid agenesis in the medulla. One case had five out of the six cardinal signs but instead of aqueductal stenosis, aqueductal atresia-forking was revealed by histology. Thirteen cases were sporadic. In one apparently sporadic case, familial consanguinity was noted. One recurrent case had consanguineous parents. And lastly, an autosomal recessive mode of inheritance was suspected in two families in whom three foetuses were affected.
A polymalformative syndrome was retrospectively diagnosed in seven cases. Two cases, including one with a family history, had VACTERL-H syndrome (MIM#276950). One case had mesencephalosynapsis with cardiac and skeletal abnormalities. In three cases, the syndrome was of unknown aetiology. In one case, autopsy findings suggested a possible Meckel/Joubert syndrome. Among these 7 cases, 85.7 % were males; they presented with hydrocephalus (85.7 %), stenosis of the aqueduct of Sylvius (66.7 %), corpus callosum abnormalities (60 %) and adducted thumbs (50 %). All these cases had less than 5 cardinal signs.
Thirty-five patients had isolated CNS malformations, 85.7 % were male, they presented with a combination of hydrocephalus (71.4 %), agenesis of the corpus callosum (77.4 %), adducted thumbs (15.4 %), stenosis of the aqueduct of Sylvius (45 %) and corticospinal tract abnormalities (47.6 %). Among these, six had a family history of malformation. Only one case (2.9 %) presented with five characteristics, but in fact showed neuropathological signs that were highly suggestive of a tubulinopathy. In three cases belonging to the same family, a bilateral porencephaly was detected suggesting the possible involvement of the COL4A1 gene. In the last two cases, careful histological review made it possible to determine the cause as post-haemorrhagic hydrocephalus, with the presence of siderophages around the aqueduct of Sylvius in the first case and post-haemorrhagic aqueductal atresia in the second case.
Sixteen foetuses, among which 87.5 % were males, had no mutation in the L1CAM gene but exhibited phenotypic characteristics similar to L1CAM-mutated foetuses. These foetuses with "L1-like" syndrome presented with hydrocephalus (100 %), adducted thumbs (61.5 %), corpus callosum agenesis (75 %), stenosis of the aqueduct of Sylvius (93.7 %) and corticospinal tract abnormalities (87.5 %). In this group, three foetuses were familial cases; ten cases including a female foetus were sporadic cases. One foetus and monozygotic twins from two distinct families had consanguineous parents, but with no recurrence. When considering the overall number of positive criteria per case, assuming characteristics that were not available to be negative, 75 % of foetuses had 5 or 6 characteristics of L1 syndrome. The specificity and sensitivity of these signs are presented in Table 2 . From these analyses, it appears that hydrocephalus and corpus callosum anomalies are the most sensitive signs, with sensitivities approaching or reaching 100 %. Whereas hydrocephalus and corpus callosum anomalies have very poor specificities, cortico-spinal tract abnormalities is the only sign combining a very high sensitivity and a fair specificity (98 % sensitivity, 62 % specificity, 2.6 likelihood ratio), making it a potentially useful sign to distinguish between mutated and non mutated foetuses. Conversely, adducted thumbs and stenosis of the aqueduct of Sylvius are the most specific criteria along with corticospinal tract abnormalities. This high specificity could be explained by the fact that in milder phenotypes (in living patients), adducted thumbs and/or spastic paraplegia are the key clinical signs of SPG1 or MASA.
Discussion
Genetic screening of the L1CAM gene and neuropathological hallmarks studied in a series of 138 cases (134 foetuses and 4 newborns) allowed us to identify 5 main groups of patients: (1) foetuses carrying a deleterious mutation in the L1CAM gene; (2) foetuses with atresia-forking of the aqueduct of Sylvius, sometimes associated with other CNS malformations described in the rhombencephalosynapsis spectrum; (3) foetuses presenting with hydrocephalus due to other malformations restricted to the CNS; (4) hydrocephalus occurring in association with extra-CNS malformations corresponding to known or unknown polymalformative syndromes; and (5) foetuses presenting with a phenotype similar to L1CAM-mutated foetuses but without any evidence of deleterious mutation in this gene.
We revisited the neuropathological characteristics of the 57 foetuses harbouring a deleterious mutation in the L1CAM gene, and focused on the six cardinal signs previously described, i.e. sex, hydrocephalus, adducted thumbs, stenosis of the aqueduct of Sylvius, corpus callosum abnormalities and corticospinal tract abnormalities [14, 26, 45] .
Hydrocephalus which was present in 100 % of the cases, is considered as the main determinant of the apparent clinical variability in L1 syndrome. As in previous reports, the severity of hydrocephalus in our patients ranged from marginal widening of the lateral ventricles and sometimes of the third ventricle, to massive ventricular dilatation with macrocephaly, often resulting in pre-or perinatal death [36] . When hydrocephalus has not developed during gestation, children present most of the time with a MASA phenotype. Interestingly, experiments in different animal models also reveal divergent patterns. The first L1cam knockout mouse models were generated in two independent laboratories [8, 9] . In the mouse model of Cohen et al. [8] , maintained on a 129Sv strain genetic background, ventricular enlargement was not initially reported, but further investigations performed by Fransen et al. [13] using high-resolution magnetic resonance imaging and by Demyanenko et al. [11] using volumetric analysis of histological sections demonstrated slightly dilated ventricles. Dahme et al. [9] showed, in another L1 mutant model backcrossed into the C57Bl/6J and 129 genetic backgrounds, that severe ventricular dilation occurred only in mutants backcrossed into the C57Bl/6J genetic background, suggesting that modifier genes may influence the severity of this L1-related defect. Rolf et al. [33] confirmed these results in the C57Bl/6J model and reported severe hydrocephalus in a new mouse model. The L1-6D knock-in model of Itoh et al. [20] backcrossed into the C57Bl/6 background also showed severe hydrocephalus, supporting the concept of a modifier gene or genes. Nevertheless, it remains unclear how hydrocephaly develops in L1 syndrome, and different hypotheses have been suggested. As reported by Fransen et al. [13] , the concomitant loss of neurons that are unable to project through the corpus callosum to contralateral homotypic areas and of neurons which normally give rise to the corticospinal tracts, as well as the increase in brain compliance due to the loss of L1-mediated adhesion between axons might be responsible for white and grey matter atrophy and ventricular dilatation. However, it has been pointed out that neither hypothesis can explain the occurrence of high-pressure hydrocephalus in some human L1 syndromes [13] . Stenosis of the aqueduct of Sylvius was observed in 89.8 % (44/49) of the cases; the five other patients had a normal aqueduct. Even though hydrocephalus was associated with stenosis of the aqueduct of Sylvius in the original description by Bickers and Adams, many patients displaying a patent aqueduct have been reported thereafter [17, 26, 45] . In the L1-deficient mice generated by Cohen et al. [8] and Fransen et al. [13] , the aqueduct, although abnormally shaped, was normal in size, whereas two other experimental studies observed a dilated aqueduct or no consistent difference in the morphology of the aqueduct between wildtype mice and L1 mutants [11, 33] . Therefore, stenosis of the aqueduct probably results from the deformation of the brain by massively enlarged ventricles, which in turn provokes the compression of the aqueduct and subsequently, high-pressure hydrocephalus. In the same manner, the fusion or apposition of the thalami observed in seven of our cases as well as the deformation of the hippocampus may also be related to hydrocephalus. Notably, mouse hippocampi were described as histologically normal or with fewer pyramidal and granule cells [9, 11, 33] .
Corpus callosum and corticospinal tract abnormalities were present in 97.7 and 97.9 %, respectively, of the cases with adducted thumbs due to corticospinal tract abnormalities in 88.5 %. Despite the high sensitivity, calculated at 97.73 %, of corpus callosum abnormalities, these were not a very informative criterion (specificity at 26.87 %). This fact could be partly due to the damage to midline structures at the time of autopsy, implying the necessity for careful US or MRI examinations in order to improve the diagnosis of L1 syndrome and the mutation detection rate. In humans, lower limb spasticity has been linked to corticospinal tract hypoplasia or agenesis [15, 22] . From experiments based on the expression pattern of L1 in the developing nervous system and on its complex interactions, it has been shown that L1 plays crucial roles in neuronal migration, patterning and axonal extension, pathfinding, fasciculation, neuronal survival and synaptic plasticity [25, 28, 29, 35, 44, 46] . Direct genetic evidence for the implication of L1 in axonal guidance has only been provided by mouse models harbouring null mutations [8, 9] . Similar to L1 patients, these L1-deficient mice display reduced decussation, a reduced number of corticospinal axons in the dorsal columns of the spinal cord and a reduced size of the corticospinal tracts. Morphometric analyses have also demonstrated that partial agenesis of the corpus callosum with the occurrence of Probst bundles is related to the failure of callosal axons to cross the midline [11] .
Cerebellar lesions were frequently observed in our series. Global cerebellar hypoplasia (biometric data <5th percentile) were noted in six cases. Vermis hypoplasia was identified in a single foetus aged 32 weeks, and dysplastic or fragmented dentate nuclei were observed in 6 (22.8 % of the cases). In an MRI study carried out in 96 children aged 5 days to 8 years with L1CAM loss-of-function mutations, 3 had total vermis hypoplasia, and 7 partial anterior vermis hypoplasia (9.6 % of the cases) [21] . The higher rate of cerebellar anomalies in our series may be explained, at least partly, by the fact that our cases represent the most severe form of L1 syndrome, and by in vitro studies showing that L1 is implicated in cerebellar granule cell migration and neurite outgrowth [28, 30] . Some discrepancies have also been observed in mouse models. In the mutant mice analysed by Dahme et al. [9] , all cerebellar cell types were present and the cytoarchitecture of the vermis was preserved with few ectopic neurons observed in the molecular layer, whereas in other L1 knockout mice hypoplasia of the cerebellar vermis [11, 13] or severe atrophy was noted [33] .
Lastly, multiple associated visceral malformations have never been reported in L1 syndrome. Some minor abnormalities such as cleft palate have been reported, as observed in a single case in our series. An association with optic atrophy or Hirschsprung disease has also been documented (no cases in our series), and may be explained by the significant reduction in neural crest cell migration at early developmental stages observed in L1-deficient mice [1, 39] . Renal anomalies consisting in duplication or dilatation of the ureters have also been reported, and may be related to the deleterious effects of the L1CAM mutation, since the L1 protein has been shown to be expressed in the kidneys. Various renal anomalies have been observed in a boy with a mutation in the L1CAM gene [27] and in L1 deficient mice [10] . It is worth noting that renal agenesis (1 case) and a cardiac malformation (1 case), which have never previously been reported, were observed in our series.
Among these 138 cases we studied, 57 carried a deleterious or likely deleterious mutation. The mutation detection rate, 41 % here, is higher than the mutation detection rate reported by other groups: 20 % by Vos et al. [42] (72 out of 367 patients) and 30 % by Finckh et al. [12] (46 out of 153 patients). Most of the mutations are private mutations, consistent with previous reports [12, 15, 34, 42, 43] . Importantly, Vos et al. noted that when the mother was not a carrier, 7 % of the mutations occurred de novo in the index case or resulted from germline mutations in the mother. Conversely, if the mother of the index case was a carrier, 10 % of the mutations occurred de novo in the mother or resulted from germline mutations in the index case's grandmother. Therefore, about one mutation in five is a recent mutation, explaining why most of these mutations are private [42] .
Despite wide allelic heterogeneity and regardless of the nature of the mutation and its position in the protein, the foetal phenotype based on the six neuropathological criteria was homogeneous. Furthermore, it has already been underlined that the same mutation can be responsible for different forms of L1 syndrome, even within a single family, i.e. HSAS and MASA syndrome [16, 37, 41] . Finally, in our cohort, 68.4 % of the mutations were truncating mutations, a percentage that is quite similar to the 75 % obtained by Vos et al. [42] and the 67 % obtained by Finckh et al. [12] . It is thus difficult to establish a genotype-phenotype correlation, notably between the severity of the disease and truncating or missense mutations.
In order to improve the mutation detection rate, we tried to determine which clinical signs were the most predictive of the presence of an L1CAM mutation (Tables 2, 3) . Each of the cardinal signs was associated with high sensitivity (88.46-100 %) but low specificity (10.13-64.70 %; Table 2 ), except for adducted thumbs, whose specificity is higher (71.93 %). In addition, the positive predictive value of each of the six cardinal signs was determined with regard to the presence or absence of an L1CAM mutation (Table 3) . Hydrocephalus had the lowest predictive value, whereas adducted thumbs had the highest. Interestingly, Vos et al. [42] , although investigating clinical characteristics after birth, also reached the conclusion that adducted thumbs had the best positive predictive value.
Finally, we compared the percentage of cases displaying five or six reported cardinal signs in the five different neuropathological groups (Table 2) . Only a few patients with aqueductal atresia spectrum, CNS malformations or polymalformative syndromes displayed five or more cardinal signs (4.8, 2.9, and 0 %, respectively). Even if we consider as negative the signs that were not evaluated, not mentioned in the report, or not reported even if present, and cases in which it was difficult to carry out a neuropathological examination due to the severity of hydrocephalus or post-mortem autolysis, 80.4 % of the cases with X-linked hydrocephalus presented five or six cardinal signs, while the others displayed four or less cardinal signs. Therefore, when hydrocephalus is associated with at least three or more other cardinal signs, screening of the L1CAM gene is recommended. Furthermore, neuropathological characteristics displayed higher positive predictive values than clinical characteristics [42] . This could explain differences in mutation detection rates in our series and in the Dutch and German series, which were mainly composed of postnatal forms of the L1 syndrome [12, 42] . These overall findings make it possible to easily exclude several other pathological conditions in order to avoid unnecessary molecular screening for the L1CAM gene. These other conditions presenting with hydrocephalus occur either against a background of CNS malformations different from those observed in L1 syndrome, or of multiple visceral malformations. Nevertheless, two main alternative diagnoses should be considered: foetal alcohol syndrome (FAS), which was an exclusion criterion in our study, and aqueductal atresia spectrum. Patients with FAS share some features of L1 syndrome that could in part be due to the disruption of L1-L1 binding [32] , although this finding has been challenged by another study [4] . It has also been reported that alcohol can inhibit L1-mediated axonal growth [4] , but the fact that L1-6D mice do not have axonal growth or guidance defects in the 129/Sv background argues against a loss of L1-L1 adhesion in FAS. Moreover, the diagnosis of FAS is first of all based on the characteristic craniofacial dysmorphism and a maternal history of alcoholism, which are lacking in L1 syndrome. Aqueductal atresia spectrum is the main diagnosis worth discussing, and consists of atresia-forking of the aqueduct of Sylvius, associated most of the time with a fusion of the colliculi, rhombencephalosynapsis, diencephalosynapsis and corpus callosum agenesis [31] . Histological examination of the aqueduct of Sylvius should allow pathologists to rule out a diagnosis of L1 syndrome. Interestingly, from our series of 21 cases with aqueductal atresia, an autosomal mode of inheritance was highly suspected in 3 families on the basis of recurrence and consanguinity, which highlights the existence of familial forms not reported until now. Finally, 16 cases with no mutations in the L1CAM gene displayed the same phenotypic characteristics as in X-linked hydrocephalus, with recurrence in 4 of them. In these L1-like families, exome sequencing is underway in order to identify one (or more) gene(s) responsible for autosomal recessive hydrocephalus. This could potentially contribute to elucidating the pathophysiological mechanisms leading to different forms of hydrocephalus.
